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ABSTRACT 
Measurements of the acoustic pressure of spark discharges were made at 
a shallow depth (10 feet) for various voltages, stored energies, inductances and 
capacitances of the system, and electrode areas. The voltages ranged from 
1500 V to 11 KV, and the energy storing capacitances from 8 to 800 ufd. In this 
range the peak pressure observed was proportional to peak current and the decay 
constant of the pressure-time curve was essentially the same as the electrical 
discharge decay constant. 
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Section A: INTRODUCTION 
High energy acoustic pulse generators are useful for studying the 
marine environment by sonic methods. Among the many systems that have 
been employed (solid and gas chemical explosives, mechanical, magnetostrictive, 
piezoelectric and eddy current transducers) , one of the simplest is the discharge 
of a spark from a high energy storage capacitor bank directly into the water. 
For mapping, by seismic methods, geologic structures buried beneath 
the ocean floor, it is often desirable to be able to control the energy vs. 
frequency spectrum of the sonic pulse. Sediments have attenuation factors that 
are frequency dependent, that isO(.: k Tn An extrapolation of Shumway's work 
indicates that rn lies between 1 I 2 and 2 (Ref. 6). Thus J as greater penetration 
is required, lower frequencies must be used. However, since the ability of a 
sonic system to resolve range differences depends on the wavelengths being 
employed, it follows there will be some pulse spectrum which provides the best 
compromise between penetration and resolution. In order to determine the spectrum 
a study was made of the effects of variations in the circuit constants. 
In this paper, the sparker system is described. The electrical circuit 
is discussed and appropriate approximations are made to aid in analysis. 
Various models are discussed with their related effects on the current equations. 
Power and energy equations are developed. The energy spectrum is obtained from 
the pressure-time curve by Fourier analysis. 
From the above models a m ethod for determining the initial pulse shape of 
the spark pressure wave is developed for use with the general values of voltages 
and capacitors discussed. Because considerable work has been done in the 
field of bubble pulse phenomena this is not covered in this report (Ref. 2). 
A bubble pulse does occur in spark work and, as in explosives, it is related to 
amount of energy in the initial disturbance , but in other respects the spark 
bubble pulse . deviates from those of explosives. 
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Section B: DETERMINATION -OF AN EQUIVALENT CIRCUIT REPRESENTING 
THE SPARKER SYSTEM 
The basic sparker system used for generating underwater sonic pulses 
consists of energy storage unit (capacitors), switching system (ignitrons, 
air gap), transmission line, and electrodes and the spark (Figure 1). 
The complete equivalent circuit of this system is shown in Figure 2. 
The equations applicable to this case are now developed and this general 
equivalent circuit is reduced to its most important parameters. 
Some of the reactances, such as the internal inductances of the capacitors 
or inductance of the switching systems, are not easily calculated and were 
measured experimentally. For this reason the analysis of the equivalent 
circuit is made in several steps. 
1. The equations governing LCR series discharge. 
This is a straight-forward analysis of an LCR network. It is 
important because it is comparable to the actual storage and switch system, 
shorted at the output. The known quantities are the capacitance of the storage 
unit and the initial voltage. The problem is to obtain equations governing the 
current. The circuit diagram illustrating this first step is represented in 
Figure 3. 
Let Q = Charge on the Capacitor 
I = dQ/ dt with initial conditions Qo ::: Initial Charge = CV 0 
V 0 = Initial Voltage 
dQ(t) I = I q:r- t=o 0 
General Equation: 
L dtQB) + D d Q (4:) +. 
-w- 1'\ q f j_ c.. --
o. 
o, 
HIGH 
VOLTAGE 
D.C. 
STORAGE 
~ 
CAPACITATORS 
SWITCH TRANSMISSION -
LINES 
BLOCK DIAGRAM 
FIGURE 1 
SPARK 
ELECTRODES 
I 
I I 
I I I 
STORAGE UNIT : SWITCH : TRANSMISSION LINE : SPARK 
CL = TRANSMISSION Ll NE CAPACITANCE 
LL = INDUCTANCE OF TRANSMISSION LINE 
RL = RESISTANCE OF LINE 
L 5p= INDUCTANCE OF SPARK 
R5p= RESISTANCE OF SPARK 
C5p= CAPACITANCE OF SPARK 
V0 = INITIAL VOLTAGE ON BANK 
C8 = CAPACITANCE OF STORAGE UNIT 
L 6 = INDUCTANCE OF BANK 
R5 = RESISTANCE OF BANK AND SWITCH 
S =SWITCH 
L 5 = INDUCTANCE OF SWITCH 
COMPLETE EQUIVALENT CIRCUIT 
FIGURE 2 
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Solving this Equation yields: 
Q(t) 
Noting that I = dGf~t and applying the initial conditions on this 
equation, we obtain the equation for the current. 
-~t L e sl% lA-c (5) 
~ mY~. b~ (a) af<{l.~ (4) 
) as a b~v~ .. 
2. Determination of the damping factor , R / 2L. 
One of the problems of the analysis is that of determining the 
R a nd L constants of the circuit. These quantities are determined b y measuring 
the logarithmic decrement, which is defined as the natural logarithm of the ratio 
of any two succ essive amplitudes of a decaying oscillatory wave. 
Looking at the general equation of current: 
I= 
it is J;l~ted that when $~tOt • i , the cu rve is tangent to the exponential envelope 
Xe-D . The tangents are not horizontal but can be taken as such for a first 
approximation (Figure 4), 
The logarithmic decrement 6 is then defined as: 
X II e.- bt I r A . e b t ~ =- ~ x ~ • ll'fl., e-b t; ,-~) ==- 1/(V 
whe re 't is the period .of the sine function. 
-r------
vo c 
_! ______ _ 
s L R 
C = CAPACITANCE STORAGE SYSTEM 
L = TOTAL INDUCTANCE OF SYSTEM 
(La+ Ls+ LL) 
R = TOTAL CIRCUIT RESISTANCE (R5 + RL) 
R5p= SPARK RESISTANCE 
S =SWITCH 
T 
A TYPICAL CIRCUIT 
I 
I 
I 
I 
FIGURE 3 
I " 
I ," 
I " v 
"I 
I y---. 
TYPICAL OSCILLATORY WAVE PATTERN 
FROM A SHORTED STORAGE BANK 
FIGURE 4 
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We can use this formula to determine b from any of the voltage and current 
measurements. Therefore substituting equation (6) into equation (4) we have: 
w = -J '/c L! - ba. ( r.r) 
Since we know W and C for a particular case, we can solve for L (inductance) 
and then for R (resistance). 
3. Transmission Line Representation. 
Figure 5 shows the usual representation of a transmission line. 
The capacitances, CL, complicate the system; let us examine the justification 
for neglecting them. It is known that we are primarily interested in the acoustic 
range of frequency (i. e. 20 cps to 30 kc). From our experiments we know that 
the range of frequency of the electrical signals is also in this range, hence we 
can compute an order of magnitude for one wave-length of signal. The phase 
velocity for the cables commonly employed in spark power transmission is 
around 6000 ft/ 10 - 5 sec. (Ref. 7), therefore, one wave-length is much longer 
than any length of cable employed making the voltage/ current ratio = (E /I) 
constant along the line. A constant E /I ratio means that the internal capacitance 
of the transmission line CL can be neglected. See Figure 6 for the new 
representation which is an inductance and a resistance in series. 
4. Approximation of Spark Impedance. 
The circuit representation and physical layout of the spark 
electrode system is shown in Figure 7. The spark occurs at the small center 
electrode. Some approximations can be made from the physical layout of the 
spark electrodes. The size of the electrode is small compared with the length 
of the transmission line and the geometry of construction is usually coaxial 
or cylindrical, hence we can make the assumption that the inductance and 
capacitance associated with the spark electrode are negligible compared to the 
rest of the system. Also the experimental results show that the equivalent 
inductance and capacitance of the spark discharge are small compared with the 
inductance and capacitance of the system, and that the resistance of the spark 
stays relatively constant. This means that we can represent the spark by a 
resistance. 
5. Summary of Section 1. 
We have now discussed all the components that make up the sparker 
system and what assumptions can be made about each. These components are 
CL =TRANSMISSION LINE CAPACITANCE 
LL = II II INDUCTANCE 
II II RESISTANCE 
USUAL TRANSMISSION LINE REPRESENTATION 
FIGURE 5 
---------------------
LL = TRANSMISSION LINE INDUCTANCE 
II II RESISTANCE 
NEW REPRESENTATION OF TRANSMISSION LINE 
FIGURE 6 
--------
Lsp 
Csp 
_____ ....____ _ ....,.:3 
Csp = SPARK CAPACITANCE 
Lsp = 11 INDUCTANCE 
R8p = 11 RESISTANCE 
GROUND-OUTSIDE CONDUCTOR 
SPARK ELECTRODE CONFIGURATION 
FIGURE 7 
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combined into a simplified equivaltmt circuit. Figure 8 shows these reduced 
into four general parts, which aN~ combined into an LCR series circuit to 
which the equations for current developed in. Step 1 are applicable . The current 
in this circuit may be oscillatory, critically damped, or overdamped , depending 
on the circuit constants . 
r 
-~-----
Vo C 
_j ____ _ 
L R 
C = CAPACITANCE 
L = INDUCTANCE 
R = RESISTANCE 
V0 = INITIAL VOLTAGE 
s 
REDUCED GENERAL CIRCUIT 
FIGURE 8 
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Section C: DETERMINATION OF PEAK CURRENT, TOTAL POWER, AND 
ENERGY DELIVERED TO SPARK 
1. For an oscillatory current 
The general equation for current flow is developed in Section B, 
Step 1. I ~ - bt ~.-.L =- cw e s 111, ""'-c;- , (5) 
At the peak current the time derivative (di/ dt) equals zero. Therefore 
differentiation of equation 5 with respect to time, setting equal to zero and 
solving for time , 
) 
Substituting equation 8 into the current equation gives the peak current: 
This equation is later used to calculate the peak current from the initial conditions 
enabling one to relate calculated peak current and measured peak pressure. 
In determining the power de livered to the spark we note that 
(lo) 
We know both the quantities Rsp = Spark Resistance and I; hence it is possible 
to express the power as a function of time, 
I~ )~ t - ~ ht z t p ::. Rsp \.;& e St11.. w I (1\) 
and the total energy is the integral of this e quation over time. 
Evaluating this integral , we have: t, 
" ~ E -m-~1.. = Rsp B b(b1Hi) • (13) 
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This is the-energy de live r e d to t h e spark. 
2. For an overdamped current. 
As th e value of th e capacitance in th e storage unit is made l arger, 
and/ or if the inductanc e of t h e sys tem is made s maller , 
(4) 
becomes im aginary, and th e current e qu ation is b e tte r expressed as: 
I = B e-ht s1~~ k-6 (/4) 
I< .. ~R%-L' - 1/tc , b =- R /z. U 
f3 :. VojK~ , Vo = J,.,tfia / Vo/iaje , 
An exponenti a l form of this equation i s more convenient: 
I = "lz. ( e -(b-lc.)t- e- (b+~<.H) (J 6) 
T h e e quati on s expressing t h e tim e to reach peak current, and the v alue of peak 
i-,11;1 ~ ~ ( ~;~)~~~ J. (/6) 
l,.f11•?C = Bj~ (e·(b-~)J,..(-Mtlc. e_CbK)~(~~ 
cur r ent are: 
For thi s cas e the t otal ene rgy to the s par k is 
(11) 
r 
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Section D: THE ENERGY SPECTRUM OF THE INITIAL PRESSURE WAVE 
RESULTING FROM THE SPARK DISCHARGE 
Since we have the pressure as a function of time (measured experimentally), 
it is desirous to know the energy spectrum of the initial pressure pulse. This 
problem can be simply solved, to a first approximation, if we assume that the 
pressure time curve is a decaying exponential function (i. e. neglecting finite 
initial rise time). 
The equation approximating the first pressure pulse as a function of 
time is: -"W\..1: 
f? :. Po e d~A'"fle I ) (~a) p pr~ssure ( -, //~~.,_ \ ·~:. r~e• ~ p~essvv-e (f:iv.,~;,~a. at i'Wleter-)l 
a~ ~ :a de'a~ cOY~,s+a'Vvt. 
Now the acoustic energy is expressed as : 
E =- 1/rc ) O(J I .P(-t) I~ ~t (~I) w~e~e. .,C(i) .. fc e -~-6 f .:.. d~~.~1 f~ ('J'W.;/~)) 
The total e~~Y m:y al;o ~~~~t~~~fe~Js~/':: F~:i~h;ra:~~:s-;;· 
the pressure pulse, and hence we may obtain the energy spectrum as a function 
of frequency: ) z~'l r l 11 /1 C _(.f. :. f G"" r 'WI.,;2.+ (:trrWf.)"-) ) T • -rre1~te11CJ , 
The energy e is expressed in energy per cycle per unit area, provided that 
is measured at one meter. This equation is used to plot the energy spectrum of 
the initial pressure pulse from the sparker, giving a method of evaluating the 
output of different sparker systems. 
The problem of obtaining the energy spectrum has been reduced to finding 
the peak pressure and the decay constant. The following discussion shows how 
these factors are determined from the electrical constants and the experimental 
data. 
r 
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Section E: EXPERIMENTAL SETUP 
The data-taking equipment is shown in Figure 9. The position of the 
spark and of the measuring hydrophone (depth and separation) was held 
constant by an aluminum form suspended from a wooden float. The same 
measuring equipment was used for all experiments. The pressure transducer 
was a BC - 32, #120, which was calibrated, with the extra length of cable attached, 
by Underwater Sound Reference Laboratory in Orlando, Florida (Office of Naval 
Research). 
The spark electrode configuration was always a small center electrode 
where the spark occurs, and a large ground electrode (Figure 7). The field 
configuration is such that at the small center electrode there is a high intensity 
electric field, causing the breakdown to occur there. It turns out that for any 
given storage system and initial voltage, there is an optimum cross- sectional 
area of the center electrode. When the area is too large, the electric field 
intensity is too small, reducing breakdown, and hence peak pressure. When 
the area is too small the total number of particles that could have been ionized 
decreases; hence the system becomes inefficient. The only way found to date 
for determining the cross- sectional area is by experimentation. 
The following units were tested with a large range of transmission lines 
employed to vary the inductance: 
a) 8 microfarads 1-10 kv Ref. 8 
b) 16 microfarads 1-10 kvRef. 8 
c) 160 microfarads 1-4 kv Ref. 9 
d) 460 microfarads 1-4 kv Ref. 9 
lr 
~ 
STORAGE 
TRIGGER f+ CAPAC I- f-- SWITCH TRANSMISSION LINE 
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~ 
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'I' 
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Section F : SUMMARY OF CHANGES IN OUTPUT DUE TO CHANGES IN 
SYSTEM CONSTANTS 
1. Inductance. 
The major inductance in the system is in the transmission line. 
Changes made in this inductance by changing length , cable type, cable 
arrangement and number of cables resulted in increased peak pressure with 
reduction of inductance. A corresponding increase in peak current was also 
observed. The change in resistance of the lines does have some effect on 
peak current, but the comparison of cable arrangements of different resistance 
and inductance showed the inductance to be the controlling parameter. Cables 
were used from 200 to 1500 feet in length, with up to four cables in parallel. 
2. Capacitance. 
While the capacitance was varied from 8 ufd to 500 ufd (keeping 
the voltage and other quantities constant) the peak current and pressures 
remained almost constant, with the same rise time. The decay of the pressure 
and the current could be approximated by the equation 7?'.:::-Jge...,.,t where the decay 
constant m was inversely proportional to the capacitance used. 
3. Variation of voltage on the storage bank. 
For any given system the peak pressure and current varies 
linearly with the voltage across the storage capacitors (Figure lOa). This 
voltage has to be above a certain value for the breakdown to occur and depends 
on the c ross-sectional area of the electrodes. 
4. Variation in electrode configuration. 
With a given system, that is, cable, switch and capacitors , 
operating at a given voltage , the size, geometry and number of e l ectrodes 
influence the sonic output. With a large smooth surface exposec;l, no breakdown 
occurs. As the area is decreased, the initial electric field increases and 
eventually breakdown will occur when the voltage is applied. In these observations 
a single dis charge electrode (as shown in Figure 7) was used. The area chosen 
was a compromise b e tween output and life. The area was approximately 0 . 5 
sq. inches but was varied with different systems. 
For this particular geometry, it was found by measuring the 
logarithmic decrement that the spark resistance was 1. 05 ohms; by means of the 
~ -. 
0.8-, 4.0 
0.7--1 3.5 
0.6-1 3.0 
........... (f) 
1-
_J t\J 
0 0.5 E 2.5 
:::> ~ "--
Lu (f) Q: Lu 
:::> 0.4 ~ 2.0 (/) 
(/) a 
Lu ~ 
0:: 0 Q.. 0.3 ";( I .5 
~ 
<:{ 
v· ..... 
/ 
.~ 
13fL HENRY SY1ST~ 
Yr [/1" 
-~ ~ 45fL HENRY SYSTEM 
Lu 
Q.. 0.2-1 I .0 
BANK VOLTAGE 
0. I -1 0.5 vs. 
PEAK PRESSURE 
o.o 0 5K 6K 7K 8K 9K IOK IlK 12K 
BANK VOLTAGE 
FIGURE lOa 
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ringing time of the circuit, the resistance was 1. 15 ohms. In general, the 
spark resistanc-e averaged between 1. 0 to 1. 2 ohms. It should he pointed 
out that the resistance varies as a function of time (approximately ±10o/o) about 
the value of 1. 10 ohms, but we have assumed that it is constant at 1. 10 ohms. 
r 
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Section G: EXPERIMENTAL OBSERVATIONS OF SPECIAL INTEREST 
Figure lOb is a -plot of peak -pres-sure versus -peak curr-ent for different 
systems (chang-es in inductance, capacitance, voltage) with ' the same polarity 
of center electrode. In these measurements the cross- sectional area of the 
electrode was near optimum for each system. It is seen that all measurements 
are within 10% of a straight line, which is assumed to represent the linear 
relation between peak current and pressure. 
With the simple electrode used it was observed that the polarity of the 
discharge electrode affected the output in peak pressure and energy. The peak 
pressure and energy is larger when the center electrode is positive. The increase 
of both of these factors is by a factor of two roughly. This increase in pressure 
and energy is undoubtedly due· to hydrogen formation at the center electrode 
rather than to oxygen formation (Ref. 1). 
--, 
1.4 7.0, I I I I I I I I 
I VOLT r;::;~ 134 db LEVEL AT I METER 
r;::;~ 5 .00x 106 DYNES/cm2 AT I METER 
I .2 6.0J---- 01 FFERENT SYSTEMS TESTED I I I 
Ci) 
...... 1.0 ~ 
......_ 
lU a: .8 
::::> 
(/) 
(/) 
Lu a: .6 
a_ 
X = 13JL HENRY SYSTEM 16J-Lfd 
• : 45f-L II II II II 
5.0 ~D = 50J..L II II 160J..Lfd 
l\IE !::::. = 55J..L II II 480J..Lfd / 
(.) 0: 60J..L II II 800J..Lfd / 
~ 4.0 ~---+---~ 
Lu }/, 
~ ~ ~/ 
a 3.0 x-/ I 
<0 I / Q ~ 
~ 
<{ lU .4 
a.. 
~ X / 
2.0 I I I •· /--"-+----1------+---+----i 
• ,,:~6 
.2 1 01 1 / '/ 0 +PEAK PRESSURE vs. PEAK CURRENT_ 
. _, I FOR VARIOUS SPARKER SYSTEMS 
/ 
0 o--~--~----~--~----~--~--~~--~ 
2K 3K 4K 5K 6K 7K BK IK 
PEAK CURRENT 
FIGURE lOb 
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Section H: PREDICTING THE ENERGY SPECTRUM OF A SYSTEM 
The current and pressure -decay curvBs are approximately exponential 
curves (Figures 11a, 11b, 12a, and 12b). When p-lotted as normaliz~d 
magnitude versus time ·(Figures 11a and llb) the curves seem different, but 
the decay constants in all cases for current and pressure were within 10% of 
each other for each sparker system. 
The energy spectrum as derived in Section 3 for an exponential curve is 
t' t:. P• t..( I ) c ( ) ::. f c: 'WI" + (.e,.f)~ 
From the above equation we may obtain the form 
dE z ~ 
E = - . I + (i}jf )L 
which is a fair approximation for il?t1~ = ~./ . ..,., in the cases studied was 
of the order of 1000/ sec. The error in predicting the energy spectrum levels is 
equal to or less than 20%, with the largest value holding only for low frequencies, 
that is, where 2trf ( ~ • ( f ~ 160 c/ sec). 
From an engineering standpoint we can now predict the energy spectrum 
from the e lectrical parameters of the spark system if we stay within the 
restrictions of our simple electrode structure and the optimum exposed area of 
electrode. 
Two examples of predicted energy spectrum are given in Figure 13. 
These correspond to the pressure and current curves given in Figures 11 and 12. 
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Section I. SUMMARY 
It is now possible to choose the electrical parameters of a sparker 
system so that a desired peak pressure and decay constant can be obtained 
with the corresponding energy spectrum. The restrictions on the above are 
a peak voltage of 11, 000 volts and the use of the simple electrode system. 
Extrapolation to higher voltages is probably possible. 
In choosing the parameters of the system, the inductance of the capacitors 
and switching system is the most difficult to determine. Using reasonable care 
in the geometry of the capacitor- switch connections the inductance can be kept 
below 0. 5 microhenries. 
The inductance , resistance, and capacitance of the di1;lcharge lines are 
readily obtained, and the resistance of the spark gap can be taken as 1. 10 ohms. 
- 15 -
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